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The composition, spatial structure, diversity and abundance of Antarctic nematode and
copepod meiobenthic communities was examined in shallow (5–25 m) marine coastal
sediments at Casey Station, East Antarctica. The sampling design incorporated spatial
scales ranging from 10 meters to kilometers and included testing for human impacts by
comparing polluted (metal and hydrocarbon contaminated sediments adjacent to old
waste disposal sites) and control areas. A total of 38 nematode genera and 20 copepod
families were recorded with nematodes being dominant, comprising up to 95% of the
total abundance. Variation was greatest at the largest scale (km’s) but each location
had distinct assemblages. At smaller scales there were different patterns of variation
for nematodes and copepods. There were significant differences between communities
at control and impacted locations. Community patterns had strong correlations with
concentrations of metals introduced by human activity in sediments as well as sediment
grain size and total organic content. Given the strong association with environmental
patterns, particularly those associated with human impacts, we provide further evidence
that meiofauna are very useful indicators of anthropogenic environmental changes
in Antarctica.
Keywords: meiofauna, benthic community, marine sediments, metals, Antarctic, human impacts, nematodes,
copepods
INTRODUCTION
Knowledge of Antarctic meiobenthic communities (here limited to metazoans, excluding
foraminifera) is limited to only a few areas and shallow water (< 100 m) ecological studies are
limited to the Antarctic Peninsula region, including Signy Island (Vanhove et al., 1998, 2000),
King George Island (Skowronski and Corbisier, 2002; Petti et al., 2006; Pasotti et al., 2012, 2014),
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and Adelaide Island (Fonseca et al., 2017); and the Ross Sea
(Danovaro et al., 1999; Fabiano and Danovaro, 1999). There have
also been some studies of deeper water Antarctic meiobenthos:
in the Weddell Sea, Ross Sea, Bransfield Strait and Drake Passage
(Vanhove et al., 1995, 1999; Lee et al., 2001a; Veit-Köhler et al.,
2018). Almost nothing is known of meiobenthic communities
from the majority of the Antarctic coast or shelf.
The structure, composition and diversity of Antarctic
meiobenthic communities are poorly understood, especially in
East Antarctica. Meiobenthic studies in Antarctica, particularly
the Antarctic Peninsula, have focused on their distribution
(Danovaro et al., 1999; Vanhove et al., 2000; Petti et al., 2006;
Pasotti et al., 2014), relationship to environmental influences
and food availability (Vanhove et al., 1998; Skowronski and
Corbisier, 2002; Pasotti et al., 2012), recolonization following
disturbance (Peck et al., 1999; Lee et al., 2001b; Stark et al.,
2017), and more recently in the context of ice-shelf disintegration
and collapse (Rose et al., 2015). In most polar regions there is
a pronounced dominance of nematodes, which comprise 80 to
95% of the community; the next most abundant component is
usually copepods (< 1 to 27%), based on available literature.
This dominance is thought to be due to the ability of nematodes
to adapt, with high diversification and niche segregation
between many genera and species, and generally being resilient
to varied environmental conditions (Lee and Van de Velde,
1999). Worldwide, nematode genera respond to a number of
environmental factors such as organic content of the sediments
(i.e., food availability), grain size, physical disturbance (Ingels
et al., 2009, 2011a,b; Ingels and Vanreusel, 2013) and this is
also the case in the Antarctic (Vanhove et al., 1998, 2000; Lee
et al., 2001a,b). Meiofauna in polar regions display large spatial
variability, but the parameters controlling their distribution and
community structure are unclear (Fabiano and Danovaro, 1999).
One of the problems with examining meiofaunal communities
is that the vast majority of species remain undescribed (Boucher
and Lambshead, 1995) and this is particularly true for Antarctica
(e.g., nematodes, Ingels et al., 2014). Thus most studies focus on
coarser level taxonomy such as genus or family.
Coastal benthic habitats are among the most productive of
marine environments (Suchanek, 1994; Borum and Sand-Jensen,
1996). They typically have high nutrient concentrations, which
are influenced by both terrestrial nutrient sources and coastal
phytoplankton production. In Antarctica, however, terrestrial
nutrient supply is extremely limited or almost entirely absent as
there are no rivers and little terrestrial primary production. In
Antarctic coastal areas nutrients are relatively high throughout
the year and are only briefly lowered during summer (McMinn
and Hodgson, 1993; McMinn et al., 1995). Almost nothing is
known of meiofaunal communities from the vast majority of
the Antarctic coast, as most studies to date are from the South
Shetland or South Orkney Islands.
Casey station, in the Windmill Islands in East Antarctica,
is situated in a permanently ice free area of low-lying rocky
peninsulas and islands. This area comprises a range of benthic
habitats (Stark, 2000), from partially ice-covered, exposed
coast dominated by macroalgae, to mostly ice-covered and
sheltered embayments dominated by invertebrate communities
including sponges, ascidians, tubeworms, echinoderms and other
invertebrates (Thompson et al., 2007). Fragmented in nature, and
sensitive to change owing to the adapted benthic communities,
shallow water coastal habitats in Antarctica are considered to
be rare and important for maintaining ecosystem function in
coastal Antarctica (Clark et al., 2015). Information on the spatial
distributions of benthic communities and understanding of their
response to change and subsequent recovery is important given
that human activities are concentrated in these types of habitat in
the Antarctic (Clark et al., 2015).
The aims of this study at Casey Station were to: (1)
determine the composition, diversity and spatial variability of
nematode and copepod meiobenthic communities in shallow
marine sediments. Spatial variation was examined at three scales:
Locations (kms); Sites within locations (∼100 m); and Plots
within sites (∼10 m); (2) to examine the relationship between
nematode and copepod communities and local environmental
influences; and (3) to investigate human impacts on nematode
and copepod communities by comparing three control locations




Sampling was undertaken using a hierarchical, nested design
with three spatial scales, Locations (separated by kms); within
each location there were two sites (∼ 100 m apart) and at each
site there were two plots (∼10m apart). Within each plot (1m
diameter), two replicate cores were taken for meiofauna and
two for environmental analysis, making a total of 8 meiofauna
and 8 environmental cores per location, except at O’Brien Bay-5
where one meiofauna core was lost during sampling. Six locations
were sampled around Casey Station. There were three control
locations, two of which were within O’Brien Bay to the south of
Casey [O’Brien Bay-1 (OB-1) and O’Brien Bay-5 (OB-5)]; and
one within Newcomb Bay, in McGrady Cove (Figure 1). There
were three locations adjacent to waste disposal sites: two locations
were situated along a gradient of pollution within Brown Bay
(Inner and Middle) (Stark et al., 2004; Stark, 2008); and a third
location was at Wilkes, adjacent to the abandoned waste disposal
site at the derelict Wilkes station (Stark et al., 2003a), all within
Newcomb Bay (Figure 1). These waste disposal sites were used
historically to dispose of all waste and rubbish generated on
station and included used oil, building materials, electronics and
batteries, food, clothing and chemicals (Snape et al., 2001; Stark
et al., 2006). Both waste disposal sites are contaminated with
metals and hydrocarbons above background levels (Stark et al.,
2008, 2014b; Fryirs et al., 2015).
Location Description
Casey Station is situated at 66◦17′ S, 110◦32′E on Bailey Peninsula
in the Windmill Islands, East Antarctica (Figure 1). The shallow
(< 50 m) benthic marine environment in the near shore region at
Casey is very heterogeneous, comprising a mosaic of sediments
of varying grain sizes, gravels, cobbles, boulders and bedrock
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FIGURE 1 | Map of sampling locations around Casey Station, East Antarctica. The approximate locations of the former waste disposal sites at Casey and Wilkes
stations are shown by the X symbol.
(Stark et al., 2003b). All locations have relatively similar sea ice
regimes, although there can be considerable local variation in
timing of ice break out and duration of periods of open water.
Wilkes usually has an earlier sea ice loss than the other locations
by between 2 and 6 weeks. Bathymetry varies significantly in the
area, but within the two large bays in the study the bathymetry
is similar, with deep basins at around 90 m depth, and the small
bays around the edges, where samples were taken, usually have
a maximum depths of approximately 25 to 30 m. Very little is
known of oceanographic patterns in the region but all the bays
in this study are considered to be connected and experience
similar tidal and oceanographic regimes. Sediment properties are
presented in the results, but general conditions at each location
are described below.
Brown Bay
Brown Bay is a small embayment at the southern end of the larger
Newcomb Bay with rocky sides grading to a muddy bottom to a
maximum depth of approximately 15 m. Brown Bay is typically
ice-free for 1–2 months in a year, between January and March. It
is adjacent to the former Casey waste disposal site, abandoned in
1986, which was on the foreshore of the bay, at the base of Thala
Valley. Samples were taken from 2 locations within Brown Bay:
Brown Bay Inner at a depth of 7 m was 30 m from the waste dump
directly in front of the point where summer melt water from the
valley enters the bay (Stark et al., 2006). Brown Bay Middle was
150 m from the waste dump and ranged from 12 to 15 m in depth.
Brown Bay is polluted with metals and hydrocarbons which came
from the former waste disposal site situated on the foreshore of
the bay (Stark et al., 2003b, 2005).
Wilkes
Wilkes was the first research station built in the Windmill Islands
area, by the United States in 1957 on Clark Peninsula on the shore
of Newcomb Bay; it was abandoned in 1969. The Wilkes waste
disposal site is on the foreshore of a small embayment on the
northern side of Newcomb Bay. The marine benthic environment
adjacent to the site consists of sandy sediments and areas of
exposed rock covered with macroalgae in summer (Stark et al.,
2003b). Samples were collected approximately 50 m from shore,
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approximately 200 m from the front of the waste dump, in 10–15
m depth. Sediment metal levels are generally similar to control
locations except for cadmium, although hydrocarbons have not
been measured at this location (Stark et al., 2003b).
O’Brien Bay
O’Brien Bay is a large bay several kilometers south of Casey
station and is visually unaffected by human activities or
contamination. The benthic environment consists of slopes and
terraces of rock, boulders, cobbles and gravel, with patches of
sediment dispersed among them (Stark et al., 2003a). O’Brien
Bay-1 and O’Brien Bay-5 are small embayments within O’Brien
Bay, with rocky sides sloping to mixed habitat of rock and
sediment patches. Samples were taken at depths of 12–18 m.
McGrady Cove
McGrady Cove is a small embayment within the larger Newcomb
Bay and is not directly affected by human activities or
contamination. Samples were taken on the northern side of the
bay which is bordered by ice cliffs which extend to the seabed
at depths of 5–7 m. The benthic habitat consists of patches of
rocky reef and boulders interspersed with large patches of muddy
sediments. Samples were collected in 12–18 m water depth.
Sample Collection, Meiofauna
Preparation, and Identification
Sediment samples were collected by divers using modified 60 ml
syringes with their intake end cut off to form a small core tube
(28mm internal diameter). Cores were pushed into the sediment
to a depth of 10 cm, extracted, and the bottom end was capped.
In a few cases samples were only taken down to 5–7 cm, where
sediments were less than 10 cm deep due to underlying rock.
No sediments less than 5 cm deep were sampled. Samples were
collected between 25 November and 14 December 2005.
Cores were transported to Casey Station laboratories where
they were emptied into sample jars and 4% formalin was added
to each sample. Prior to processing, each sample was washed
through a 500 µm sieve to remove the macrofauna and the
coarser sediment fraction. A 32 µm sieve was used to retain
the meiofauna size fraction. Meiofauna were extracted through
a modified gravity gradient centrifugation technique (Heip et al.,
1985; Pfannkuche et al., 1988) using a% solution of Ludox HS40
and Ludox AS in distilled water (Witthoft-Muhlmann et al.,
2005). Ludox is a silica sol (a colloidal solution of Si02) which
causes no plasmolysis. Samples were rinsed thoroughly over a
sieve of 32 µm with tap water to prevent flocculation of Ludox.
The samples were then transferred from the sieve to a large
centrifuge tube. Ludox was diluted with water to specific gravity
1.18 g/ml (60% Ludox and 40% water; density = 1.18) and added
to each tube until the level of the mixture was balanced for
centrifuging. The sample was then centrifuged at 2800 rpm for
10 min. The supernatant was decanted and collected, and the
remaining sediment pellet was resuspended. This process was
repeated three times.
All supernatants were filtered on a 32 µm sieve, which was
rinsed with tap water to avoid a reaction between the Ludox
and formalin. After the extraction, 4% formalin and 1% of Rose
Bengal (to facilitate counting) was added to preserve meiofauna
before identification.
Nematodes and copepods retained on the 32 µm sieve
were counted and sorted using a dissecting microscope at 25×
magnification (Zeiss Stemi 2000; Zeiss Inc., Germany). Two
hundred nematodes per sample were picked out at random
and mounted on slides in glycerine after a slow evaporation
procedure (modified after Riemann, 1988) and identified to genus
level using Platt and Warwick (1983, 1988) and Warwick et al.
(1998) and NeMys online identification (Steyaert et al., 2005). All
copepods were picked out and mounted on slides in glycerine
without evaporation for identification to family level using
THAO: the Taxonomische Harpacticoida Archiv Oldenburg
2005 and Bodin (1997). The identification of nematodes and
copepods was conducted on a compound microscope (1000
x magnification).
Environmental Variables
Sediment samples were taken for analysis of grain size, metals
and total organic matter (TOM) using a 5 cm diameter core
pushed 10 cm into the sediment. Cores were frozen at −20◦C
until analysis. Each core was subsampled from the top 5 cm of the
frozen core, which was then homogenized by stirring and then
subsampled further for separate analysis of grain size, metals and
TOM. Full details of analytical methods can be found in Stark
et al. (2014a) and are briefly summarized below.
Total organic matter was calculated by mass-loss on ignition at
550◦ for 4 h to determine ash free dry weight following Heiri et al.
(2001), on a 2 g homogenized wet sub-sample, from 2 replicate
cores in each plot for a total of 4 cores per location.
Grain size analysis: The outer 5 mm edge of the top 5 cm
of the core was removed with a scalpel blade and dried
at 45◦C, then sieved through a 2mm sieve. The < 2 mm
fraction and the > 2 mm fraction were weighed separately.
A 5 g sample of the < 2mm fraction was analyzed using a
Mastersizer 2000 Particle Size Analyzer with Hydro 2000MU
accessory at the Department of Physical Geography, Macquarie
University, Sydney.
Analysis of metals in sediments were done on a 3 g sub-sample
of homogenized wet sediment. A 1:10 w/v 1 M HCl digest was
used as recommended by Scouller et al. (2006), which gives an
estimate of bioavailable elements and those more likely to have
an anthropogenic source. Samples were analyzed by ICP-MS at
the Central Science Laboratories (CSL), University of Tasmania
for a suite of ions which included: Sr, Mo, Ag, Cd, Sn, Sb, Pb, Mg,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Al, Ba.
Statistical Methods
Abundances of nematodes were standardized to the total number
per sample and the proportion of each genera was multiplied
by the total number of nematodes in each sample to estimate
their abundance per core. Multivariate analyses were performed
on merged nematode and copepod abundances after square-root
transformation as well as on separate nematode and copepod
community data. Data was square root transformed to reduce the
effect of dominant taxa and the Bray-Curtis resemblance measure
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was used. Multivariate analyses of community composition were
undertaken using non-metric multidimensional scaling (nMDS),
PERMANOVA, Analysis of Similarities (ANOSIM), group-
average CLUSTER (including SIMPROF 5%), PERMDISP and
similarity percentages (SIMPER) procedures using the PRIMER
v7.0.13 statistical software package (Clarke and Gorley, 2006;
Anderson et al., 2008). Spatial differences between communities
were analyzed in a hierarchical 3-factor design with Location
(fixed factor), Site (nested in location) and plot (nested in site).
To compare control and potentially impacted locations, a series
of planned contrasts were done using PERMANOVA, to further
partition the variation within the Location level (Anderson et al.,
2008). Brown Bay (Inner and Middle) was compared to the
control locations (McGrady, O’Brien Bay-1 and -2); and Wilkes
was compared to the control locations, in planned contrasts.
This allows a higher level comparison of control and impacted
locations without potentially confounding different impacts at
Brown Bay and Wilkes by combining under the same factor of
impact. The null hypotheses of no relationship among samples or
variables was tested using P-values from permutation techniques
[if less than 100 permutations were available Monte Carlo routine
was used (Anderson and Robinson, 2001)]. The Pseudo-F ratio
and p-value (from permutation) were calculated using type
III sums of squares and permuting residuals under a reduced
model. PERMDISP and one-way ANOSIM was performed in
post hoc tests to determine which groups were different and
if differences were due to multivariate location or dispersion.
PERMANOVA was used to examine the relative variance
component contribution of each factor to overall variance, as an
estimate of magnitude of effects (Graham and Edwards, 2001).
The relationship between meiofaunal communities and
environmental variables was examined using distance-based
linear modeling (DSTLM) and visualized using distance-based
redundancy analysis (dbRDA) to obtain an ordination of
the fitted values from the selected model (Anderson et al.,
2008), as well as by overlying vectors of environmental
variables on community multivariate ordinations. A stepwise
and a forward selection process were used in DISTLM with
the AICc model selection criteria, to model the community
data (Bray Curtis resemblance matrix) against the normalized
environmental data which were checked for collinearity (and
removed when necessary).
To further distinguish patterns in nematode genera and
copepod families a coherence analysis following Somerfield and
Clarke (2013) was conducted using PRIMER v7. This analysis
distinguishes subsets of taxa (based on SIMPROF on species
variables) in the dataset that have coherent abundance patterns
across a set of samples or gradient of samples, and can be
separated based on significance levels in statistical tests. In
essence, the routine finds groups of taxa that have similar
responses across a set of samples.
Differences in environmental conditions were explored
using Principal Component analysis (PCA). Relationships
among variables were visualized using Draftsman plots and
skewed variables were transformed (log(x + 1) or square root)
to achieve even distributions. Environmental variables with
correlations > 0.95 were removed leaving a single variable
to represent these groups to prevent over-parameterization.
Environmental variables were normalized prior to PCA
or DSTLM analysis.
For comparison of nematode and copepod abundances with
other studies, data were obtained either directly from published
studies or from figures in published studies using the program
WebPlotDigitizer V4.11.
RESULTS
Nematode and Copepod Abundance and
Taxon Richness
Sediment meiofaunal communities at Casey were dominated by
nematodes (95% of abundance), followed by copepods (5%).
Other taxa were not included in this study. A total of 38 nematode
genera (belonging to 16 families) and 20 harpacticoid copepod
families (Table 1) were identified in the 47 samples from the six
locations. Nematode abundance was highest at the two control
locations in O’Brien Bay (Figure 2). Nematode diversity was
greatest at Wilkes (37 genera) but the highest mean number of
genera per core was found at OB-5. Copepod abundance was
relatively consistent among locations ranging from a mean of 44
to 55 copepods per core (Figure 2). Mean abundance of copepods
was not significantly different between locations. The number of
copepod families was also relatively consistent among locations,
ranging from 15 to 18 (Figure 2). Wilkes was the most taxa-rich
location for both nematodes and copepods. OB-1 had the lowest
number of taxa with 32 genera of nematodes and 15 families of
harpacticoid copepods.
Nematode abundances ranged from 1.45 to 2.01 × 106
individuals m−2. The control locations in O’Brien Bay had
a significantly greater total abundance of nematodes than the
impacted and control locations in Newcomb Bay (PERMANOVA
p(perm.) = 0.003). Copepod abundances ranged from 0.072 to
0.089 × 106 individuals m−2, and there was no significant
differences among locations (Figure 2). The most abundant
nematode genera (as % of total abundance averaged across
all locations) were Monhystera (13.7%), Daptonema (9.5%),
Neochromadora (7.6%), Odonthopora (4.3%), Halalaimus
(4.2%), and Chromadorina (4.1%) and the most abundant
copepod families were Tisbidae (1%) and Ectinosomatidae
(0.5%) (Table 1).
Nematode and Copepod Community
Spatial Structure
Multivariate analysis of community composition revealed
significant differences at the location scale for both nematode
and copepod communities. Patterns for the combined
nematode/copepod community data were very similar to
those of the nematode community, due to the dominance
of nematodes in the assemblages, and thus the nematode
and copepod community data were analyzed separately. The
location scale contributed most to the overall variation in
1https://automeris.io/WebPlotDigitizer
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TABLE 1 | Average abundances of nematodes and copepods in cores at six locations at Casey Station (n = 8, except at O’Brien Bay-5 n = 7).
Brown Bay Inner Brown Bay Middle Wilkes McGrady O’Brien Bay-1 O’Brien Bay-5 Rank
Nematode genera – average % abundance of total nematodes in cores (based on 200 nematodes identified per sample).
Acanthonchus 0.63 0.38 0.38 1.81 2.06 0.71 29
Aegialoalaimus 0.19 0.31 1.25 0 1.19 1.07 36
Aponema 0 0.69 0.38 0 0.75 0.43 38
Ascolaimus 3.00 3.00 0.25 0.56 6.06 4.64 11
Bolbolaimus 2.75 2.06 1.63 1.44 3.44 3.86 13
Chromadora 3.81 2.75 1.38 3.25 5.94 5.36 7
Chromadorella 2.81 3.94 1.38 3.06 3.31 3.79 10
Chromadorina 4.38 7.38 3.94 4.81 2.13 2.86 6
Chromadorita 0 0 1.75 4.31 0.88 0.71 25
Daptonema 8.56 2.69 12.38 15.38 11.25 9.43 2
Desmodora 2.56 0 0.69 1.00 1.19 2.07 26
Desmodorella 1.13 0 2.00 0 0.19 0.64 37
Dichromadora 1.81 0.50 2.19 1.94 3.25 3.21 15
Draconema 2.88 0 1.88 0 0.56 0.57 32
Gammanema 0 3.31 0.38 2.19 2.13 2.07 21
Halalaimus 0.88 0.88 5.81 11.94 3.44 3.50 5
Ixonema 0 8.13 0.75 0 0.56 0.71 20
Leptolaimus 1.75 1.44 5.75 0.75 0.94 1.14 17
Linhomoeus 7.31 0.63 1.50 0.19 1.94 2.36 14
Megadesmolaimus 0 1.56 1.25 0.13 9.75 8.43 8
Metalinhomoeus 0.94 2.25 3.00 0.13 7.69 6.79 9
Microlaimus 0.50 1.00 2.63 0.13 2.81 3.29 18
Molgolaimus 0.38 0 1.31 0.69 3.00 3.57 23
Monhystera 11.75 17.38 15.13 15.19 13.00 13.50 1
Neochromadora 7.19 11.25 10 9.25 5.06 4.36 3
Odonthopora 7.88 4.31 8.75 1.81 2.19 1.64 4
Paracanthonchus 0.25 2.81 4.94 1.31 1.56 1.71 16
Paralinhomoeus 5.25 6.19 0.25 1.31 1.50 2.00 12
Paramesonchium 2.38 2.25 1.50 0.31 0.75 0.86 24
Paramonohystera 0 3.19 0.06 0 0.81 1.43 33
Pierrickia 1.19 1.94 0.19 0 0.19 0.71 35
Promonhystera 3.44 4.75 0 2.06 0 0 19
Sabatiera 2.06 1.13 1.69 0.31 0.25 0.50 31
Southerniella 2.25 0.50 0.38 2.88 0 0 28
Sphaerolaimus 2.06 0.44 0.31 5.06 0 1.14 22
Spirobolbolaimus 2.44 0 0.63 1.56 0 0.14 34
Theristus 2.56 0.19 1.50 1.06 0 0.64 30
Wieseria 2.50 0.38 0.63 3.81 0 0 27
Copepod families – average abundance in cores
Aegisthidae 1.63 1.25 2.63 3.88 0.38 1.14 11
Ameiridae 1.13 1.88 1.50 0.13 2.13 0 16
Ancorabolidae 0 1.88 0.50 1.63 2.63 4.00 12
Argestidae 4.63 3.13 2.25 3.13 4.50 1.86 4
Canthocamptidae 1.13 4.00 1.00 3.13 0 0 13
Canuellidae 1.63 2.38 0.88 4.50 2.38 3.43 7
Cletodidae 0 0 1.63 0.63 0 0 20
Dactylopusiidae 0 0 5.25 0.63 2.25 6.43 8
Ectinosomatidae 2.13 5.50 6.13 6.63 6.25 3.57 2
Huntemanniidae 2.75 2.63 3.50 2.50 2.38 5.00 6
Idyanthidae 0.63 3.13 1.63 2.50 0.25 0.71 14
Miraciidae 2.50 2.75 1.75 4.50 0 0.71 10
(Continued)
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TABLE 1 | Continued
Brown Bay Inner Brown Bay Middle Wilkes McGrady O’Brien Bay-1 O’Brien Bay-5 Rank
Neobradyidae 1.38 1.00 1.13 1.00 0 0.71 18
Parameiropsidae 2.63 1.00 0.50 0 0 0.86 19
Paramesochridae 5.50 7.38 3.25 0 9.25 4.71 3
Pseudotachidiidae 4.38 3.50 0 1.25 2.00 2.00 9
Rhizothricidae 0.75 3.13 1.13 0.75 1.13 0.29 15
Rometidae 0 0 0 0.50 1.00 4.00 17
Tisbidae 9.13 7.25 14.38 12.00 8.88 7.57 1
Zosimidae 2.50 1.50 2.13 5.50 5.25 2.29 5
Rank based on average abundance over all locations.
FIGURE 2 | Mean abundance and number of taxa per core at each location (± SE). Dark bars represent mean per core (n = 8, except O’Brien Bay-5: n = 7); light
bars represent total number of taxa found at each location.
communities (largest estimated component of variation, ECV)
with remarkably distinct meiofaunal communities at each
location, as evidenced by the distinct location groupings in the
nMDS ordinations (Figure 3). All locations had significantly
different copepod and nematode communities (Tables 2, 3),
and form non-overlapping groups in the nMDS ordinations
(Figure 3). There was also significant variation among sites
(100 m scale, copepods only) within locations and among
plots within sites (10 m, for nematodes). Analysis of the ECV
values revealed that variation among locations accounted for
about 70% of the total variation (for copepods and nematodes),
with both sites and plots contributing less than the residual
variation (< 18%, Figure 3 and Table 2). Variation in copepod
communities increased with increasing spatial scale, with no
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FIGURE 3 | nMDS ordinations of nematode and copepod communities around Casey Station. Numbers next to symbols represent the different plots within each
site. The taxa most responsible for contributing to differences among locations were determined using vector plots overlaid on the nMDS and similarity percentage
analysis (SIMPER). (A) Nematodes, (B) copepods. Vectors are taxon correlations with nMDS axes (nematode correlation cut-off: 0.7, copepod correlation cut-off:
0.6; with circle representing correlation value of 1). Ellipses on the plot represent significant cluster groups based on SIMPROF analysis.
significant variation at the 10m scale. In contrast, nematode
communities varied significantly at the 10m site scale, and not
at the 100m plot scale (Table 2). Further analysis of community
structure was done by PERMDISP which tests for differences
in multivariate dispersion, which can affect differences between
groups [their multivariate location sensu Anderson (2006)].
There were significant differences in multivariate dispersion for
nematodes, with Wilkes more variable than all other locations;
and for copepods, with Brown Bay Inner and Middle more
variable than all other locations (Table 4). However given that
there is no overlap among locations in MDS plots, this difference
in variation does not affect the main test of differences between
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TABLE 2 | Results of PERMANOVA analyses for nematode and copepod communities at Casey Station, with estimated components of variation (ECV) derived
from PERMANOVAs.
Source PERMANOVA results Est. components of variation
df MS Pseudo-F P(perm) P(MC) Estimate %
Nematodes
Location 5 4334.20 15.97 0.0002 0.0001 525.97 71
Brown Bay vs controls* (1) 5722.8 3.38 0.01 0.025
Wilkes vs controls* (1) 3410.8 2.35 0.06 0.10
Site(Location) 6 271.61 1.01 0.48 0.48 0.41 0.06
Plot[Site(Location)] 12 270.69 1.76 0.0006 0.0029 60.05 8
Residual 23 153.93 153.93 21
Total 46
Copepods
Location 5 3442.80 12.40 0.0001 0.0001 409.78 69
Brown Bay vs controls* (1) 4722.3 3.38 0.008 0.02
Wilkes vs controls* (1) 3307.4 2.20 0.10 0.12
Site(Location) 6 277.76 1.88 0.026 0.038 33.53 6
Plot[Site(Location)] 12 148.12 1.02 0.47 0.46 1.49 0.25
Residual 23 145.23 145.23 25
Total 46
*Indicates planned comparisons (or contrasts), which further partition the sums of squares in the factor Location. These provide a test of impacted versus control locations,
but enables separate tests for Wilkes and the Brown Bay locations.
TABLE 3 | Results from ANOSIM analysis showing R values from pairwise tests
















OB5 1 1 0.26
Wilkes 0.88 0.97 0.80 0.71





OB5 0.98 0.99 0.99
Wilkes 0.89 0.96 1 1
McGrady 0.96 0.93 1 1 1
All comparisons significantly different.
locations. These PERMDISP results could be interpreted as
a separate effect, with nematode communities at Wilkes and
copepod communities at both Brown Bay locations being
significantly more variable than other locations.
Human Impacts
The planned comparisons in the PERMANOVA analyses
demonstrated that the Brown Bay locations were significantly
different to the controls but that Wilkes was not different, for both
nematode and copepod communities (Table 2).
The taxa most responsible for contributing to differences
among locations were determined using vector plots and
bubble plots overlaid on the nMDS and similarity percentage
analysis (SIMPER).
Nematodes
Cluster analysis (group average) confirmed the patterns seen in
the nMDS ordination, with cluster groups strongly aligned to
each location (Figure 3A). Each location had distinct assemblages
of nematodes. The species that drove differences among locations
most strongly (correlation > 0.7) are shown in the vector plot
(Figure 3A), with some of the strongest patterns reflected in
bubble plots (Figures 4A,B), indicating strong genera selectivity
between locations. In particular the genera Promonhystera,
Paralinhomoeus and Pierrickia were consistently more abundant
at Brown Bay than the controls, while Daptonema, Halalaimus
and Microlaimus were more abundant at controls (Figure 3
and Table 1).
Coherence analysis of nematode genera indicated five subsets
of nematode genera that showed similar abundance patterns
across the locations, along a pollution gradient (Figure 5):
(1) there was a large group of genera with no distinguishable
abundance patterns across polluted and non-polluted locations
(Figure 5A); (2) a group of nematode genera that were more
abundant at the two O’Brien Bay and the Wilkes locations,
and that had either very low abundances or were absent at
the Brown Bay locations (Figure 5B); (3) a group of nematode
genera that were more abundant at the McGrady location,
and had medium to low abundances at the other locations
(Figure 5C); (4) nematode genera that were generally more
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TABLE 4 | PERMDISP analysis of multivariate dispersion in nematode and
copepod communities at each location at Casey.
Groups Nematodes Copepods
t P(perm) t P(perm)
(Brown Bay Inner,
Brown Bay Middle)
0.79 0.48 1.30 0.21
(BB Inn., OB1) 0.65 0.54 3.33 0.005
(BB Inn., OB5) 1.54 0.15 4.55 0.001
(Brown Bay Inner,
Wilkes)
7.67 0.0003 4.40 0.001
(Brown Bay Inner,
McGrady)
1.03 0.35 4.42 0.002
(BB Mid., OB1) 1.33 0.22 1.91 0.05
(BB Mid., OB5) 2.27 0.04 3.22 0.004
(Brown Bay Middle,
Wilkes)
6.42 0.0002 3.01 0.005
(Brown Bay Middle,
McGrady)
1.70 0.12 3.04 0.005
(OB1, OB5) 0.60 0.57 1.70 0.10
(OB1, Wilkes) 7.69 0.0002 1.35 0.20
(OB1, McGrady) 0.34 0.73 1.38 0.14
(OB5, Wilkes) 10.22 0.0001 0.30 0.76
(OB5, McGrady) 0.19 0.84 0.26 0.79




Group Average SE Average SE
Brown Bay Inner 8 11.76 0.71 15.63 1.15
Brown Bay Middle 8 12.62 0.82 13.58 1.07
OB1 8 11.05 0.84 11.09 0.73
OB5 7 10.46 0.38 9.48 0.58
Wilkes 8 20.01 0.81 9.75 0.68
McGrady 8 10.65 0.82 9.72 0.68
Significant differences indicated in bold type. Means show average distance
from group centroid.
abundant at the polluted Brown Bay Inner location, with medium
or high abundance at Wilkes, and medium to low abundances
at Brown Bay Middle locations (Figure 5D); and (5) a group of
nematode genera that were more abundant at both Brown Bay
Inner and Middle, and medium to low abundance at the other
locations (Figure 5E).
Copepods
Copepod communities were very distinct at each location, with
a number of taxa contributing strongly to these differences
(Figure 3B). Brown Bay Inner and Middle locations grouped
together, demonstrating similarity among copepod communities
within Brown Bay, although they also showed the most variation
overall (Table 4). Cluster analysis (group average) confirmed
the patterns seen in the nMDS ordination, with groups strongly
aligned to each location (Figure 3B). Although most taxa
were found at each location, there were unique presence and
abundance combinations at each location, clearly distinguishing
them from each other (Figure 3B, and genera bubble plots
in Figures 4C,D). Pseudotachidiidae were consistently more
abundant at Brown Bay locations, while Dactylopusiidae and
Rometidae were more abundant at controls (Figure 3 and
Table 1). In contrast to nematodes, coherence analysis of copepod
families did not indicate any general patterns of abundance across
locations so these are not shown.
Environmental Influences on Nematode
and Copepod Communities
Sediments ranged from very fine sands to medium sands, with
generally unimodal distributions, and were poorly sorted. There
were significant differences in grain size distribution among
locations, with most variation associated with the location scale
(approx. 50% of total variance), but no difference between sites
within locations, due to differences between plots within sites or
residual variation between replicate cores (Table 5). Sediment
grain size distributions were most different at O’Brien Bay-1,
which had higher proportions of coarser sediments than the other
locations (Figure 6) and the largest mean particle diameter MPD
(Table 6). In contrast McGrady Cove had the highest proportion
of fine sediments, the smallest MPD and high levels of organic
matter (Figure 6 and Table 6). The very coarse silt fraction, 31–
62.5 µm, was strongly positively correlated with organic content
of sediment (r = 0.96).
Multivariate analysis of sediment environmental variables
including grain size, TOC and metal concentrations showed
strong differences between locations (Figure 7). A PCA of all
environmental data shows most locations as distinct groups, with
OB-1 being most separate from all other locations (Figure 7A).
Results of ANOSIM analysis (Table 7) demonstrated that all
locations were significantly different. When separating grain
size and metal variables these patterns changed slightly, with
less differences among locations in grain size and greater
differences in metals. For grain size, essentially two groups
can be distinguished: OB-1 was a highly variable group on its
own with the rest of the locations forming a loose grouping
together (Figure 7B), yet, within the latter, the distinction of
separate locations was still evident (Figure 7B). There were also
strong differences between the two sites at Wilkes. For metal
concentrations, both sampling locations in Brown Bay were
clearly separate from the other locations in the PCA ordination
(Figure 7C) with particularly high concentrations of iron, tin,
copper, lead, antimony, silver and zinc. All locations had maximal
differences in ANOSIM tests, baring Brown Bay Middle and
McGrady (Table 7). OB-1 also formed a separate metal group
but was much more similar in its metal content to OB-5. There
was a gradient of metal concentration aligned with the PC2 axis,
increasing toward the top of the ordination (Figure 7C).
Relationships between the meiofauna communities and the
environmental variables were assessed using the DISTLM
modeling procedure. DISTLM results are shown in Table 8,
and patterns are visualized in the PCO (copepod and nematode
communities), and dbRDA plots (copepod and nematode
communities modeled against environmental variables) in
Figure 8. To avoid multi-collinearity (where two or more
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FIGURE 4 | nMDS bubble plots with scaled abundance showing taxa with substantial contributions to location differences. (A,B) Nematode genera from nMDS in
Figure 3A; and C,D) copepod families from nMDS Figure 3B. Data was standardized, square rooted, and Bray-Curtis resemblance measure was used.
FIGURE 5 | (A–E) Different patterns of abundance from coherance analysis of the 38 nematode genera, standardized by genus across locations, which produced
five statistically different subsets of nematode genera. Colored bars are associated with each station and indicate pollution levels as explained in the color legend.
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TABLE 5 | Results of PERMANOVA analyses for grain size of sediments at Casey Station, with estimated components of variation (ECV) derived from PERMANOVAs.
Source PERMANOVA results P(perm) Estimates of components of variation
df MS Pseudo-F Estimate Sq. root %
Location 5 2.35 10.96 0.0011 0.28 0.53 48.6
Site(Location) 6 0.21 0.50 0.9094 −0.24 0
Plot[Site(Location)] 12 0.43 2.98 0.0004 0.15 0.38 26.0
Residual 23 0.14 0.14 0.38 25.5
Total 46
FIGURE 6 | Average sediment grain size category% in each of four plots (n = 2) at each location.
variables are highly co-linear with correlation |r| ≥ 0.95 for
example), whereby variables contain the same information and
are redundant for the purposes of the dbRDA analysis (Anderson
et al., 2008), one or more redundant variables were dropped from
the analysis. Correlations between all variables were examined
and where |r| ≥ 0.95 one variable was removed to be represented
by the other variable to avoid multi-collinearity and over-
parameterization. These were: tin was used to represent lead
and antimony; zinc was used to represent vanadium; copper was
used to represent iron; nickel to represent chromium; strontium
to represent magnesium, 31–62.5 µm to represent TOC; 250–
500 µm to represent mean particle diameter; and 2–7.8 µm
to represent 0.01–2 µm. The best DISTLM models correspond
strongly with the unconstrained PCO ordination of nematode
and copepod communities (Figure 8).
DISTLM/dbRDA Nematodes
The single variables with the strongest correlations identified in
marginal tests for nematodes were: arsenic, zinc, silver, copper,
barium, tin and sediment 15.6–31 µm (Table 8). For nematodes
the best multivariate explanatory models included a group of
5 variables (from a total of 26 variables), which accounted for
approximately 68% of the variation in the nematode community.
These included metals likely to have an anthropogenic source:
arsenic which was higher at Brown and McGrady; tin (also
represents lead and antimony) which was higher at Brown Bay
than all other locations; barium which was lower at the two
O’Brien Bay locations; manganese; and sediment in the 31–
62.5 µm very coarse silt range (also represents TOC), which
was lower at the two O’Brien Bay locations. Selected models
were visualized using dbRDA ordinations (Figure 8), bearing
a strong resemblance to the unconstrained PCO ordination
of nematode communities (Figures 8A,B), explaining almost
70% of the fitted model variation and nearly 50% of the total
variation in nematode communities. The impacted locations of
Brown Bay Inner and Middle have higher metal concentrations
(note the Sn (represents Pb, Sb) and As vectors overlaid on
Figure 8B), and finer sediments, separating these locations
from the others in these ordinations. McGrady also has fine
sediments but higher concentrations of barium. The two O’Brien
Bay locations had lower metal concentrations as well as higher
manganese (Figure 8B).
DISTLM/dbRDA Copepods
For copepods there was a slightly different set of variables with
barium, zinc, cadmium, coarse silt 15.6–31 µm, arsenic, tin and
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TABLE 6 | Sediment properties at locations used in this study including: MPD = mean particle diameter; SE = standard error; TOM = total organic matter.
Brown Bay Inner Brown Bay Middle McGrady Wilkes O’Brien Bay-1 O’Brien Bay-5
MPD um 156.34 133.68 119.66 173.48 276.80 152.37
MPD SE 10.59 7.52 8.55 9.52 32.40 3.92
TOM 5.78 9.12 7.05 7.04 1.56 3.61
TOM SE 0.82 0.51 1.03 1.13 0.11 0.18
Sn 3.52 0.40 0.04 0.12 0.00 0.00
Cd 0.04 0.26 0.15 0.22 0.01 0.03
Pb 7.17 2.23 0.25 0.57 0.04 0.20
Cu 4.48 0.46 0.45 0.37 0.15 0.42
Zn 3.07 3.41 1.83 1.88 0.39 0.21
Fe 567.62 168.17 77.79 32.13 8.46 32.37
Ba 0.89 1.39 2.22 1.55 0.31 0.18
As 2.73 0.80 6.76 1.30 0.00 0.88
Mg 1039.41 638.49 1084.31 1919.28 231.90 614.76
Sr 8.10 3.59 7.23 10.54 1.45 5.00
Mo 0.12 0.15 0.29 0.69 0.02 0.10
Ag 0.03 0.03 0.02 0.01 0.00 0.00
Sb 0.015 0.005 0.005 0.004 0.004 0.001
Cr 0.58 2.83 2.62 2.00 0.12 1.70
Mn 0.32 0.35 0.42 0.47 0.28 0.50
Co 0.018 0.035 0.037 0.029 0.009 0.013
Ni 0.36 1.62 1.56 1.33 0.12 1.15
Al 60.92 38.29 29.23 20.81 24.88 39.19
All metal concentrations in mg/kg.
copper among the highest correlations with copepod patterns
(Table 8A). For copepods the best explanatory model included
barium, tin (representing lead and antimony), manganese,
arsenic, strontium and very coarse silt (31–63 µm), with the
best dbRDA model explaining 64% of fitted and 50% of
total variation (Figures 8C,D). There are two clear groups of
copepod communities, those in O’Brien Bay, correlated with
higher concentrations of manganese; and those in Newcomb
Bay, correlated with higher concentrations of metals (tin (lead,
antimony), arsenic) strongly differentiating the Brown Bay
locations, and finer sediments (Figures 8C,D). Wilkes and
McGrady were also differentiated from the O’Brien locations
along the dbRDA 1 axis, which had a strong positive correlation
with barium. Both O’Brien Bay locations were negatively
correlated with fine sediments but positively correlated with
manganese (Figure 8D).
DISCUSSION
This study provides the first description of the spatial
distribution, diversity and relationship to environmental
influences for benthic nematode and copepod meiofaunal
communities in east Antarctica. The dominance of nematodes
(which comprised over 90% of the meiobenthic community) is
similar to other areas of Antarctica, whether in shallow or in
deep waters (Table 9).
Abundance
Abundances of copepods and nematodes in shallow waters
around Casey are at the lower end of, but within, the range of
abundances found to date in shallow-water Antarctic sediments
(Table 9). Comparisons among studies, however, are heavily
affected by sampling, preservation, extraction and sorting
methods (Rudnick et al., 1985) and should be interpreted with
caution. In our study, the minor deviation of core depth for
a few samples below the 5 cm horizon (most samples were
10 cm, but some were only 5–7 cm) is not a major concern, as
meiofauna abundance rapidly declines below the first 2 to 3 cm
sediment depth. This is especially the case in coastal Antarctic
sediments (as a result of high food availability at the surface) as
reported by Vanhove et al. (1998) who showed a rapid decline of
meiofauna abundance from 5170 ind./10cm2 in the 0–1cm layer,
to 182 ind./10cm2 in the 4–5cm layer (representing only 1.38% of
abundance in the top 5 cm) and at another site found that only
1.11% of total 0–5 cm meiofauna abundance was found in the 4–
5cm depth layer. Pasotti et al. (2012) reported similar meiofauna
declines with depth of sediment profile, with only a fraction of the
total abundance in the 4–5cm layer.
Most other shallow water studies are from the Antarctic
Peninsula region (including South Shetlands and South Orkneys)
where densities of meiofauna have generally been found to
be much higher, but which have somewhat different marine
environments, with generally higher primary productivity, less
sea ice (and thus more light in the water column) and
warmer summer seawater temperatures (Stark et al., 2019). Such
conditions may be favorable for more abundant meiobenthic
communities, with abundances up to 11.5 × 106 ind. m−2
found on King George Island (Table 9). Meiofaunal abundance,
however, can vary greatly over relatively small scales, for example
on King George Island abundances of nematodes in shallow
water vary from a mean of 0.43 × 106m−2 (Marion Cove) to
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FIGURE 7 | (A) PCA ordination of combined environmental variables; (B) PCA ordination of sediment grain size variables; (C) PCA ordination of metal concentrations
in sediment. Vector plots indicate the direction and size of the correlation between PC axes and variables.
5.6 × 106 m−2 in Potter Cove (Table 9), approximately 9km
apart over water. In comparison, abundances at Casey were
relatively even over the areas sampled (1.5–2.0 × 106 m−2)
and are more similar to abundances found in sediments on
the Antarctic shelf (Table 9). As Casey is further south it may
more closely resemble the shelf than the Antarctic Peninsula in
environmental conditions with longer duration of sea ice leading
to lower productivity and lower food availability for meiobenthos.
Diversity
While there have been several Antarctic shallow water studies
of meiobenthic abundance, there have been very few which
have examined diversity. We recorded 38 nematode genera
and 20 copepod families at Casey but identification was not
done to species level, and there is very little data on species
diversity in other shallow water Antarctic meiofauna studies.
In the only two shallow water Antarctic studies to examine
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TABLE 7 | ANOSIM results testing for differences among locations for environmental variables.
Group comparison All (metals and GS) Grain size Metals
R P% R P% R P%
Brown Bay Inner, Brown Bay Middle 0.906 2.9 0.594 2.9 1 2.9
Brown Bay Inner, McGrady 0.979 2.9 0.604 2.9 1 2.9
Brown Bay Inner, OB1 0.927 2.9 0.583 2.9 1 2.9
Brown Bay Inner, OB5 1 2.9 0.625 2.9 1 2.9
Brown Bay Inner, Wilkes 0.979 2.9 0.104 25.7 1 2.9
Brown Bay Middle, McGrady 0.76 2.9 0.646 2.9 0.948 2.9
Brown Bay Middle, OB1 0.99 2.9 0.635 2.9 1 2.9
Brown Bay Middle, OB5 1 2.9 1 2.9 1 2.9
Brown Bay Middle, Wilkes 0.813 2.9 0.344 2.9 1 2.9
McGrady, OB1 1 2.9 0.948 2.9 1 2.9
McGrady, OB5 0.948 2.9 0.813 2.9 1 2.9
McGrady, Wilkes 1 2.9 0.781 2.9 1 2.9
OB1, OB5 0.833 2.9 0.594 2.9 1 2.9
OB1, Wilkes 0.854 2.9 0.479 2.9 1 2.9
OB5, Wilkes 0.948 2.9 0.469 2.9 1 2.9
nematode diversity, at Signy Island, Vanhove et al. (1998) found
19 nematode genera but Lee et al. (2001b) found 49 genera
representing 65 species. Our study found similar diversity to
the deep continental shelf in the eastern Weddell Sea, where a
total of 38 nematode genera were found by Lee et al. (2001a).
In contrast, nematode diversity is generally much higher in
Antarctic shelf waters, for example: Vanhove et al. (1999) found
158 genera in the deeper waters of Kapp Norvegia and the Halley
Bay shelf and slope (211–2080 m); Raes et al. (2010) found 80
genera in deep shelf waters of the Larsen ice-shelf area; and
Hauquier et al. (2011) found 66 nematode genera in only 4
replicate cores in a supposedly impoverished Larsen Ice Shelf
area which had only recently become ice free. New approaches,
however, have revealed that shallow-water diversity may be much
higher than described to date. Using a metabarcoding approach,
the shallow water meiofaunal diversity at Adelaide Island on
the Antarctic peninsula was found to be potentially as diverse
as in temperate regions, with over 90 nematode operational
taxonomic units (OTUs) (Fonseca et al., 2017). Such approaches
have not yet been tried elsewhere specifically for meiofauna in
Antarctica. There are insufficient studies to determine whether
the diversity of nematodes observed in our study at Casey is
generally representative of Antarctic shallow water ecosystems.
Very few studies have examined meiobenthic copepod
diversity in the Antarctic region. We observed 20 copepod
families in this study. The only other shallow water locality
in Antarctica where copepods have been identified to family
is on King George Island, where 14 copepod families have
been recorded, representing 34 species (Hong et al., 2011).
This suggests that the 20 families observed in our study may
represent more than 20 species, which would presumably change
community patterns. In a study of deeper water continental shelf
and slope sediments of the subantarctic Magellan region of South
America, George (2005) reported 25 families of copepods, of
which 6 families comprised at least 52 genera and 122 species,
80% of which were undescribed. In the Magellan region, however,
species are potentially restricted to small geographic areas and
families and genera display a much wider distribution than the
species they enclose, and represent a broad spectrum of ecological
habitats and roles (George, 2005). Shallow water environments
such as in this study are likely to be less diverse due to the
narrower niche of ecological habitats compared to a broad area
of shelf and slope such as the Magellan region.
Spatial Variation
Significant spatial variation in meiofaunal communities at Casey
Station was observed at all scales measured, from 10’s to 1000’s
of meters. The greatest variation was found at the largest scale,
between locations, which accounted for approximately 70% of
the variation in nematode and copepod communities. Perhaps
the most striking feature of this variation was that all locations
had distinctly different communities, with very little overlap of
samples in multivariate ordinations. This suggests that unique
conditions and adaptation to those conditions at the different
locations have shaped the nematode and copepod communities
over potentially a long time.
At smaller scales, nematodes and copepods had very different
distribution patterns. At scales of 100 m (between sites) there
was very little variation in nematode communities but significant
variation (6% of overall) for copepods; while in contrast at the
10 m scale (between plots within sites) there was significant
variation in nematode communities (8% of overall) and no
significant variation for copepods. There was a similar amount of
variation between individual replicate cores for both nematodes
and copepods and this comprised the second largest source of
variation (approximately 21 to 25%), indicating large variation
at scales < 1 m. Potential explanations of why nematode
communities may exhibit greater variability at 10 m scale and
for the copepods at 100-m scale may be related to the life style
and mobility range of nematodes and copepods. Nematodes are
confined to the sediment as they occupy interstitial space. The
different response of copepods could be related to their life style,
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TABLE 8 | Results of distance-based linear modeling (DISTLM) of environmental variables against nematode and copepod communities.
(A) Marginal tests results (single variable tests)
Nematodes Copepods
Variable P Prop. variance Variable P Prop. variance
Log(As + 1) 0.0001 0.24 Log(Ba + 1) 0.0001 0.26
Log(Zn + 1) 0.0001 0.24 Log(Zn + 1) 0.0001 0.24
Log(Ag + 1) 0.0001 0.23 Log(Cd + 1) 0.0001 0.23
Log(Cu + 1) 0.0001 0.23 15.6–31 0.0001 0.22
Log(Pb + 1) 0.0001 0.23 Log(As + 1) 0.0001 0.22
Log(Ba + 1) 0.0001 0.22 Log(Pb + 1) 0.0001 0.22
15.6–31 0.0001 0.21 Log(Sn + 1) 0.0001 0.21
Log(Sn + 1) 0.0001 0.21 Log(Cu + 1) 0.0001 0.21
Log(Fe + 1) 0.0001 0.2 TOC 0.0002 0.21
Log(Sb + 1) 0.0003 0.2 Log(Sr + 1) 0.0002 0.2
31–62.5 0.0003 0.19 Log(Mo + 1) 0.0001 0.2
TOC 0.0008 0.17 31–62.5 0.0001 0.2
Log(Sr + 1) 0.0006 0.17 125–250 0.0002 0.2
Log(Mo + 1) 0.0006 0.16 Log(Sb + 1) 0.0001 0.19
Log(Cd + 1) 0.0015 0.15 Log(Ag + 1) 0.0003 0.18
125–250 0.0018 0.15 Log(Fe + 1) 0.0009 0.17
IGS 0.0021 0.14 IGS 0.0005 0.16
7.8–15.6 0.0034 0.14 7.8–15.6 0.0008 0.16
62.5–125 0.0048 0.13 graphic mean 0.0009 0.16
graphic mean 0.0085 0.13 250–500 0.0019 0.14
250–500 0.0072 0.12 Log(Mn + 1) 0.004 0.14
Log(Al + 1) 0.0209 0.11 Log(Ni + 1) 0.0064 0.13
Log(Mn + 1) 0.0341 0.1 2–7.8 0.0061 0.13
500–1000 0.0227 0.1 62.5–125 0.0091 0.12
2–7.8 0.0995 0.08 Log(Al + 1) 0.0196 0.11
1000–2000 0.0611 0.08 IGK 0.0221 0.1
Log(Ni + 1) 0.1159 0.07 Log(Co + 1) 0.0257 0.1
IGSD 0.1768 0.06 500–1000 0.033 0.09
IGK 0.2332 0.06 1000–2000 0.0478 0.09
Log(Co + 1) 0.3503 0.05 IGSD 0.0941 0.08
< 2mm% 0.8297 0.03 <2mm% 0.2526 0.05
> 2mm% 0.8246 0.03 >2mm% 0.2382 0.05
(B) DSTLM best model solutions
Nematodes Copepods
AICc R2 Variables AICc R2 Variables
Forward selection 141.3 0.68 As, Sn, Ba, 31–62.5, Mn 129.8 0.79 Ba, Sn, Mn, As, 31–62.5, Sr
Stepwise selection 141.3 0.68 As, Sn, Ba, 31–62.5, Mn 129.8 0.79 Ba, Sn, Mn, As, 31–62.5, Sr
IGS = Inclusive graphic skewness; IGK = Inclusive graphic kurtosis; IGSD = inclusive graphic standard deviation.
and while copepods are also interstitial, they can also have a
epibenthic-pelagic life style and may emerge and move across
sediment surfaces more easily than nematodes (Rubal et al.,
2011), giving them a larger range, and hence their potential
responses to heterogeneity on the seafloor may be expressed at
greater spatial scales compared to nematodes. The epibenthic life
style of copepods may also allow them to actively avoid polluted
sediments (Rubal et al., 2011). The two most abundant copepod
families in our study, Tisbidae and Ectinosomatidae (Table 1),
are known to actively move between the sediment to the water
column, and such behavior has been described as a way to cope
with pollution (Calow, 1991).
Previous studies investigating the role of drivers of meiofaunal
variation at different spatial scales have shown that the smaller
scales are important determinants of community composition
and structure as they relate to the biogeochemical (e.g.,
sediment heterogeneity and micro-patchiness) and trophic
environment of the meiofauna organisms in their interstitial
space (Fonseca et al., 2010; Ingels and Vanreusel, 2013; Rosli
et al., 2018). Small-scale environmental heterogeneity and
associated trophic and biogeochemical conditions, as well as
disturbance events and seasonal variability may drive the
spatially contrasting settings in this area. It has been proposed
that heterogeneity of habitats is an important determinant





















TABLE 9 | Mean abundance (×106) and range of nematodes and copepods in Antarctic marine sediments.
Nematodes Copepods Reference
Depth m Method Mean Range % of total Mean Range % of total
Shallow (< 150 m)
Casey 5–20 Manual corer 1.7 1.5–2.0 95 0.082 0.07–0.09 5 This study
Signy Island–Factory Cove 7–9 Manual corer 7.5 3.7–11.4 86–90 1.3 1.1–1.5 11–16 Vanhove et al., 1998
Signy Island–Factory Cove 8–9 Manual corer 1.8 1.2–1.4 84–94 0.045 0.038–0.052 2.0–2.6 Lee et al., 2001b
King George Island–Martel Inlet 15 manual corer 2.4 1.2–4.4 64 0.37 0.16–0.7 9.5 Skowronski and Corbisier, 2002
King George Island–Marion Cove 30–40 remote corer 0.43 0.11–0.81 93 0.014 0.004–0.028 3.2 Hong et al., 2011
King George Island–Potter Cove 15 manual corer 5.6 1.2–11.5 92–98 0.1 0.004–0.2 0.3–1.8 Pasotti et al., 2014
Terra Nova Bay 40–127 Van Veen grab 2.45 0.15–5.1 46–91 0.14 0.012–0.33 1.8–5.7 Danovaro et al., 1999
Deep (> 200 m)
Weddell Sea–Halley Bay to Kapp Norvegia 500–2000 multiboxcorer/multicorer 1.6 0.73–3.0 95 0.05 0.02–0.12 3 Herman and Dahms, 1992
Weddell Sea–Kapp Norvegia 211–2080 multiboxcorer 0.09 0.08–0.096 83–97 0.08 0.03–0.23 Vanhove et al., 1995
Weddell Sea–Kapp Norvegia 255–298 multiboxcorer 1.23 1.1–1.3 92 0.03 0.02–0.04 2.3 Lee et al., 2001a
Ross Sea–Joides Basin 556–587 box corer 1.16 0.6–1.7 97 0.015 0.007–0.02 1.3 Fabiano and Danovaro, 1999
Ross Sea–Mawson Bank 432–446 box corer 0.11 0.06–0.16 56 0.05 0.03–0.07 27 Fabiano and Danovaro, 1999
Bransfield Strait 222–518 Multicorer 5.85 4.25–7.96 73–93 0.97 1.14–3.64 3.0–25.4 Veit-Köhler et al., 2018
Drake Passage 423–756 Multicorer 3.84 1.44–6.19 57–96 0.26 0.14–0.53 2.6–10.7 Veit-Köhler et al., 2018
Weddell Sea 350–498 Multicorer 3.18 2.32–3.95 83–91 0.28 0.15–4.25 5.1–11.8 Veit-Köhler et al., 2018
Larsen A/B 275–427 Multicorer 0.96 0.39–1.60 69–95 0.027 0.041–0.084 2.4–11.8 Rose et al., 2015
Elephant Island 400–412 Multicorer 1.31 1.31 90.4 0.027 0.027 1.9 Rose et al., 2015
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FIGURE 8 | Comparison of fitted DSTLM environmental models with respective PCO ordinations of nematode and copepod communities. (A) PCO ordination of
nematode communities; (B) dbRDA ordination of fitted best environmental model explaining nematode community patterns; (C) PCO ordination of copepod
communities; (D) dbRDA ordination of fitted best environmental model explaining copepod community patterns. Sb (antimony) represents iron, lead and copper.
of meiofaunal biodiversity in shallow waters (Mokievsky and
Azovsky, 2002; Vanreusel et al., 2010).
Similar patterns of spatial variation were observed for
macrofaunal communities at the same locations (Stark et al.,
2003a) suggesting that the same environmental drivers are
influencing both meiofaunal and macrofaunal communities
at similar scales (Stark et al., 2003b). However, meiofaunal
communities displayed greater differentiation between locations
than macrofauna, indicating a high degree of suitability of
meiofauna for environmental monitoring purposes.
Environmental Influences on Meiofaunal
Communities
Of all the environmental drivers examined in this study it
was metals that were able to explain the most variation
in meiofaunal community patterns, particularly those metals
associated with anthropogenic sources. These had some of the
strongest correlations with community patterns at the location
scale. This was principally due to the large differences in metal
concentrations between Brown Bay and other locations, however,
this does not necessarily infer causality, as there could be other
unmeasured differences in environmental conditions between
Brown Bay and other locations. Cause and effect can only be
established by experimental studies, either in field experiments
(e.g., Thompson et al., 2007) or laboratory experiments (e.g.,
Stark, 1998). The effects of metals and hydrocarbons have
been experimentally demonstrated on macrofaunal communities
in Brown Bay (Stark et al., 2003c). Contamination in Brown
Bay also includes hydrocarbons (Stark et al., 2005) and
may also include persistent organic pollutants, which are
known to occur around some Antarctic stations and waste
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disposal sites (Lenihan and Oliver, 1995; Wild et al., 2015;
Stark et al., 2016).
Sediment grain-size properties and organic matter content
also had strong correlations with community patterns and were
included in the best explanatory models. Sediment grain size
can be particularly variable in shallow marine sediments, and
was found to be highly variable in this study, not only between
locations but also at the plot (10 m) and replicate level, with
each accounting for approximately 25% of variation in grain
size. Meiofaunal diversity can be regulated by the grain size
of the sediments (Steyaert et al., 1999) and the differences
in grain size between locations in this study were strongly
correlated with differences in meiofaunal communities. Sediment
properties (grain size and food content) have been found to
be important determinants of meiofaunal community patterns
generally (Coull, 1999), and this has also found to apply in studies
from Antarctica, such as King George Island (Skowronski and
Corbisier, 2002) and Signy Island (Vanhove et al., 1998).
In our study the influence of sediment metals on meiofauna
appears to be stronger than that of grain size. The differences
found between nematode and copepod communities at Brown
Bay and other locations were strongly correlated with higher
concentrations of metals including lead, copper, iron and
antimony, which were known to occur in the adjacent waste
disposal site (Stark et al., 2008). Despite having very different
sediment grain size properties the meiofaunal communities
at the two locations in O’Brien Bay were very similar,
particularly nematode communities. Meiofauna are well known
to respond to metal contamination, from both laboratory and
field surveys and experimental studies (Coull and Chandler,
1992; Somerfield et al., 1994; Schratzberger et al., 2000). As
concentrations of all metals increases there is increased mortality
of meiofauna and reduced reproductive output (in vitro)
and some fauna such as copepods have been shown to
be more affected by paired metal mixtures than by single
metals (Coull and Chandler, 1992). Mixed pollutants, such as
metals and hydrocarbons, have been shown to inhibit life-
history progressions in the laboratory, and to cause synergistic
reductions in the diversity and abundance of meiofauna in the
field (Coull and Chandler, 1992).
Physical disturbance is another potential influence on
meiobenthic communities, such as that caused by calving of ice
cliffs and large snow banks that form in the lee of the ice cliffs,
which can break off during summer when the sea ice breaks out.
Physical disturbance caused by this would be intermittent and
patchy, and not necessarily throughout the whole bay, but it may
nevertheless influence the benthic communities (Schratzberger
et al., 2009). The McGrady area is characterized by ice cliffs
which are bigger than at Wilkes or Brown Bay, extending to the
seabed at 5–7m water depth, so this may be potentially more
of an influence there. The nematode communities at McGrady
were more similar to Brown Bay than to the Wilkes and O’Brien
locations, possibly due to physical disturbance induced by the
specific glacial conditions in the bay.
There was also a difference in nematode and copepod
communities between the two large bays: Newcomb Bay (which
contained Brown Bay, McGrady and Wilkes) and O’Brien Bay
(which contained O’Brien Bay-1 and -5). Larger scale factors such
as the hydrographic characteristics of Newcomb and O’Brien
Bay may also have had an effect on meiofaunal communities.
Despite significant differences in sediment grain size and organic
matter content between the two O’Brien Bay locations, they
had very similar meiofaunal communities and together they
displayed distinct differences from the locations in Newcomb
Bay. Hydrographic characteristics influence food availability
in benthic habitats, by influencing benthic-pelagic coupling,
and can have a strong effect on meiofaunal communities
(Veit-Köhler et al., 2018) and is driven by oceanographic
conditions such as water temperature, salinity, sea-ice cover and
pelagic primary production. Not only is food supply (quantity)
very influential in structuring meiofaunal communities, but
food quality can also be important (Fabiano and Danovaro,
1999), such as the concentrations of protein, carbohydrate
and lipids. The distribution of deep-sea Antarctic meiofauna
can be strongly related to the amount of utilizable organic
matter in the sediment (Fabiano and Danovaro, 1999), which
is controlled by sedimentation and organic degradation rates.
Some of the differences between the two large bays and among
locations observed in this study are likely to be influenced
by local variation in hydrographic characteristics (currents,
sea ice regime), which would also influence benthic pelagic
coupling and thus sedimentation, food availability and organic
degradation rates. Modeling has indicated that differences
in meiofaunal communities between the two bays were also
correlated with higher concentrations of organic matter (and
very coarse silt) and barium in Newcomb Bay. Barium is
considered to be a useful proxy for primary productivity in
paleo studies (Prakash Babu et al., 2002; Liguori et al., 2016)
and together with generally higher levels of organic matter
in sediments may indicate generally higher levels of primary
production in Newcomb Bay.
Human Impacts
Another large scale difference between the two bays could be
from generally higher contamination throughout Newcomb Bay
(Wilkes, McGrady, Brown Bay Inner and Middle). There is
evidence for this for many metals at the locations examined in
Newcomb Bay (Table 6) but there may be other contaminants
present throughout the bay that have not been measured, such
as hydrocarbons. Newcomb Bay has a long history of continuous
human occupation, which to date has comprised three separate
Antarctic research stations dating back to 1957. Prior to modern
environmental management there were many practices and
activities which could have led to widespread pollution, such as
igniting full drums of fuel on the shoreline to farewell ships and
disposing of old vehicles on the sea ice (personal communication
by previous expeditioners to J. Stark). Such anecdotal evidence
is not captured by official records but may have had long term
consequences. A few metals are generally higher in Newcomb
than O’Brien Bay including iron, arsenic and zinc, which may
also explain why nematode communities at McGrady were more
similar to Brown Bay than O’Brien Bay.
Meiofauna are considered to be sentinels of environmental
changes making them useful bioindicators of human impacts
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(Somerfield et al., 1994; Kennedy and Jacoby, 1999; Semprucci
and Balsamo, 2012; Alves et al., 2013; Semprucci et al., 2015;
Schratzberger and Ingels, 2017). In this study there were
distinctive differences in nematode and copepod communities
between control and polluted locations. Activities associated with
the waste disposal site in Brown Bay have resulted in increased
metals, organic content (Stark, 2000; Stark et al., 2003b) and
hydrocarbons (Stark et al., 2005) in sediments, which have
likely contributed to the differences in meiofaunal communities
between Brown Bay and control locations. Other studies have
found that meiofaunal assemblages, and nematodes in particular,
are indicative of differences in metal contamination and of metal
gradients in sediments (Somerfield et al., 1994; Coull, 1999;
Schratzberger et al., 2000).
Differences in nematode communities between the Inner and
Middle locations within Brown Bay, though only several hundred
meters apart, were as great as between other locations separated
by many kilometers. Copepod communities at the two Brown Bay
locations, however, were the most similar among all locations.
Some metals have higher concentrations at Brown Bay Inner (Cu,
Fe, Pb, Sn) and others are higher at Brown Bay Middle (Ag, As,
Cr, Ni, Sb, Zn) (Stark et al., 2003b). It is not understood why this
is the case although it may relate to the contamination history
of the dump site, as large items of rubbish have been observed
on the sea bed (metal components, fuel drums, treated timber)
and may have contributed to localized patterns or hot spots of
contamination. Previous waste management practices included
using explosives to create a hole in the sea ice and bulldozing
rubbish into it, although such practices have long since been
discontinued (Stark et al., 2006). As discussed above, the lifestyle
of copepods, with the potential for epibenthic dispersal and
movement, may serve to dampen small-scale localized pollution
effects, which are better reflected in nematode communities.
Hydrocarbon levels are generally greater at the Inner than
the Middle location (Stark et al., 2005). It is thus difficult to
determine which part of Brown Bay is the more polluted but
copepods appear to be responding in the same manner in both
locations, while nematodes are responding differently. Warwick
(1986) suggested that copepods are generally more sensitive
to the effects of pollution than nematodes, however our study
indicates that Antarctic nematodes may be more sensitive on
small scales than copepods.
In comparison to other regions of Antarctica Brown Bay could
be considered to be low to moderately polluted (Stark et al.,
2014b). Contamination levels are lower than observed at the
severely polluted Winter Quarters Bay at McMurdo Station, but
impacts resulting from this pollution are very clear and in some
respects are as large as seen at McMurdo (Stark et al., 2014b),
not only in meiofauna but also in benthic diatom (Cunningham
et al., 2005), macrofaunal (Stark et al., 2003a, 2004) and epifaunal
communities (Stark, 2008).
Meiofaunal communities at Wilkes, however, do not appear to
be impacted by the former waste disposal site at Wilkes Station.
Nematode communities at Wilkes were not significantly different
from controls and were most similar to the control locations
in O’Brien Bay. Whereas the copepod communities at Wilkes,
while also not significantly different to the controls, were more
similar to the control location McGrady Cove in Newcomb Bay.
Despite evidence for contamination of meltwater from sites at
Wilkes flowing into the marine environment at concentrations
well in excess of the Australian and New Zealand (ANZECC)
guidelines (Fryirs et al., 2015), metal levels in marine sediments
are generally not significantly different from the control locations,
although other contaminants, such as hydrocarbons, have not
been measured. The Wilkes waste dumpsite is much older than
the Casey site, dating back to 1957 and was abandoned in 1969.
Contaminants may not have accumulated in adjacent marine
sediments to the same extent or marine communities may have
recovered from pollution impacts or may not have been as
strongly impacted as Brown Bay. Stark et al. (2003c) found that
the macrofaunal communities at Wilkes were similar in some
ways to those of the control locations (O’Brien Bay) but in
other ways resembled Brown Bay, suggesting that perhaps it was
impacted at some point since human occupation.
While clear patterns related to disturbance were observed at
the community level, patterns for individual taxa in relation to
disturbance were less clear. A few taxa were consistently more
abundant at impacted locations at Brown Bay including the
nematode genera Promonhystera, Paralinhomoeus and Pierrickia
and the copepod family Pseudotachidiidae. A few taxa were more
abundant at control locations including the nematode genera
Daptonema, Halalaimus and Microlaimus and the copepod
families Dactylopusiidae and Rometidae. Coherence curves for
nematodes (Figure 5) provided some insights into the use of
certain genera as indicators, particularly when compared to
findings in previous studies. Each location exhibited a group of
nematode taxa genera which were characteristic of that location
(Figure 5) and in some instances may be indicative of a pollution
response., e.g., Bianchelli et al. (2018). Several genera that have
been shown to respond to different types of disturbances in other
studies are highlighted below.
There is a subset of nematode genera with high abundance at
the polluted and organic matter loaded Brown Bay Inner location
(Figure 5D). Leptolaimus has been previously recognized as
tolerant to high organic matter levels as well as physical
disturbance (Schratzberger et al., 2009; Losi et al., 2013).
Odontophora has been recognized as opportunistic in conditions
with high Ni content (Balsamo et al., 2012 and references
within). Sabatieria and Theristus (Figure 5D) are two genera
that have often been mentioned as tolerant and opportunistic
in various disturbed conditions such as physical disturbance,
general pollution, hypoxia or anoxia, and in the context of
metal contamination (Somerfield et al., 1994; Millward and
Grant, 1995; Austen and Somerfield, 1997; Gyedu-Ababio et al.,
1999; Balsamo et al., 2012). It is not surprising then that
these genera are abundant at the Brown Bay Inner location
as they are able to colonize disturbed or impacted sediments
rapidly and persist in adverse conditions. Also striking are the
abundant genera associated with the polluted Brown Bay Middle
location (Figure 5E). Paramonhystera and Promonhystera are
members of the monhysterid family, traditionally recognized as
containing opportunistic and tolerant genera (Balsamo et al.,
2012; Semprucci et al., 2015). Pierrickia has also been recognized
as a genus that is tolerant to high organic matter levels and
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contaminated sediments (Danovaro et al., 2009; Losi et al.,
2013). These genera provide some context in which to interpret
the usefulness of nematode in indicating sediment disturbance
and contamination. However, in this study, a number of other
genera that have been postulated as either sensitive or tolerant
to pollution, contamination, and disturbed conditions in other
studies did not adhere to the expected abundance or presence-
absence in that context. Paracanthonchus was assigned to the
same subset of nematode genera in the coherence analysis, but
did not generally conform to the same pattern as other taxa in
the group as it had minimum abundance in Brown Bay Inner
samples. Danovaro et al. (1995) and Balsamo et al. (2012) indicate
that this genus is sensitive to hydrocarbon impacts and was
one of the first genera to disappear following an oil spill, and
hydrocarbon concentrations are generally higher at Brown Bay
Inner (Stark et al., 2005). This highlights that care should be
taken when interpreting individual nematode genera patterns,
since communities are driven not just by individual responses,
but also by a wide range of abiotic and biotic interactions.
Complex succession patterns in response to disturbance and
interactions with other benthic components as part of food webs
or through competitive interactions may also confound clear
patterns. Another example is the genus Halalaimus, which has
been recognized as being sensitive to organic loads (Essink and
Keidel, 1998; Mirto et al., 2002; Vezzulli et al., 2008). This is
inconsistent with the observations in our study, with sediments
at Brown Bay (where it was least abundant) and McGrady (where
it was most abundant) both containing high levels of organic
matter. This suggests that in this study it was more responsive
to contaminants than organic loading of sediments. In addition,
responses to pollution, disturbance or other environmental
change may differ among species within the same genus.
Meiofauna as Environmental Indicators
in Antarctica
While it is well documented that meiofauna are generally
excellent indicators for natural or anthropogenic environmental
change (Zeppilli et al., 2015), caution should be used in
interpreting abundance data when little is known of their
temporal or spatial distribution and heterogeneity at specific
locations. For example, significant seasonal variations in
meiofaunal abundance were found in shallow water at Signy
Island (Vanhove et al., 2000) and at King George Island (Pasotti
et al., 2014). In the present study, the specific environmental
conditions related to the geographic and glacial conditions and
sediment heterogeneity at the different locations likely have some
influence on the nematode and copepod communities, but these
varied together with the metal signatures and their impacts on the
faunal communities. Temporal variability can also be related to
spatial heterogeneity, particularly in the Antarctic, where glacial
characteristics and influences vary seasonally with ice melt and
sea ice break up.
Other benthic community components have been well studied
in coastal areas of east Antarctica at Casey Station including
the macrobenthos (Stark et al., 2003a,b) and microphytobenthos
(Cunningham et al., 2003, 2005; Polmear et al., 2015) but the
meiofauna are an important component of benthic ecosystems
for which little was previously known in this region. Given the
clear differences in both nematode and copepod communities at
the location scale and their strong correlation with environmental
patterns, particularly anthropogenic disturbance, this study
adds further evidence that these taxa may be excellent
indicators of environmental change in Antarctic coastal waters.
While there is a clear signature of human impacts at
the polluted Brown Bay locations which can be detected
using nematode and copepod communities, there are also
important differences among locations driven by a range of
natural environmental variables. These need to be taken into
account when drawing comparisons and disentangling the
nature and effect of the anthropogenic and natural drivers
of these communities. Further understanding of responses of
Antarctic meiofauna to environmental change would be gained
by examining species level responses, as well as including
other less abundant elements of the meiofaunal community
such as kinorhynchs, gastrotrichs, tardigrades, polychaetes and
crustaceans such as amphipods.
SAMPLING AND FIELD STUDIES
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